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NTRO ON U

Radio absorptivity data for planetary atmospheres obtained from spacecraft radio
occultation experiments and earth-based radio astronomical observations can be
used to infer abundances of microwave absorbing atmospheric constituents in those
atmospheres, as long as reliable information regard{ng the microwave absorbing
properties of potential constituents is available. The use of theoretically-
derived microwave absorption properties for such atmospheric constituents, or
using laboratory measurements of such properties under environmental conditions
which are significantly different than those of the planetary atmosphere being
sfudied, often leads to significant misinterpretation of available opacity data.
For example, laboratory measurements performed by Joiner et al. (1989), under
Grant NAGW-533, have shown that the millimeter-wave capacity of ammonia between
7.5 mm and 9.3 mm and also at the 3.2 mm wavelength is best described by a
different lineshape than was previously used in theoretical predictions. The
recognition of the need to make such laboratory measurements of simulated
planetary atmospheres over a range of temperatures and pressures which correspond
to the altitudes probed by both radio occultation experiments and radio
astronomical observations, and over a range of frequencies which correspond to
those used in both radio occultation experiments and radio astronomical
observations, has led to the development of a facility at Georgia Tech which is
capable of making such measurements. It has been the goal of this investigation
to conduct such measurements and to apply the results to a wide range of
planetary observations, both spacecraft and earth-based, in order to determine
Ehe identity and abundance profiles of constituents in those planetary

atmospheres.



One key activity in the first half of this grant year has continued to be
laboratory measurements of the microwave and millimeter-wave properties of the
simulated atmospheres of the outer planets and their satellites. However, we
have also focussed on development of a radiative transfer model of the Jovian
atmosphere at wavelengths from 1 mm to 10 cm. This model utilizes our laboratory
data and has also been used to evaluate the need for laboratory measurements of
other possible absorbers. This modeling effort has led us to conduct a
laboratory measurement of the millimeter-wave opacity of hydrogen sulfide (H,S)
under simulated Jovian conditions. Since our modeling effort suggested that it
was possible to determine 1imits on the abundance of H,S in the atmosphere of
Jupiter using a medium resolution observation at 1.4 mm, an observation of
Jupiter was conducted in  November, 1990, from the Caltech Submillimeter
Observatory (CSO) in Hawaii. Descriptions of the modeling effort, the laboratory
experiment, and the observation is given in Section II, and in Appendix B which
is a preprint of a paper entitled "Modeling of the Millemeter-Wave Emission of

Jupiter Utilizing Laboratory Measurements of Ammonia (NH;) Opacity" by Joiner and

Steffes, which has been submitted to the Journal of Geophysical Research:
Planets.

An important source of information regarding the Venus atmosphere is the
increasing number of high-resolution millimeter-wavelength emission measurements
which have been recently conducted. (See, for example, de Pater et al., 1991)
Correlative studies of these measurements with Pioneer-Venus radio occultation
measurements (Jenkins and Steffes, 1991) and our longer wavelength emission
measurements (Steffes et al., 1990) have provided new ways for characterizing

temporal and spatial variations in the abundance of both gaseous H,SO, and $0,,



and for modeling their roles in the subcloud atmosphere. However, unambiguous
results require that we have dependable knowledge of the microwave and
millimeter-wave opacity of gaseous and 1iquid H,SO,, and of gaseous SO, under

Venus conditions.

While some laboratory measurements of the microwave absorption properties of
gaseous SO, under simulated Venus conditions were made at 13 cm and 3.6 cm
wavelengths by Steffes and Eshleman (1981), no measurements have been made at
shorter wavelengths. Since the 1.35 cm wavelength appeared to be one of the
better wavelengths for measuring the sub-cloud SO, abundance (Steffes et al.,
1990), we have conducted laboratory measurements of the 1.35 cm (and 13 cm)
opacity of gaseous SO,. The results and application of this work were discussed
in the previous Annual Report (includes Sem nua atus Report #14) for Grant
NAGW-533 (11/1/89 - 10/31/90). However, during the first half of this grant year
we have also conducted Taboratory measurements of the absorptivity of gaseous SO,
at the 3.2 mm wavelength under simulated Venus conditioné. These measurements

are described in Section III of this report.

Likewise, we have recently completed laboratory measurements of the millimeter-
wave dielectric properties of liquid H,S0,, in order to model the effects of the
opacity of the clouds of Venus on the millimeter-wave emission spectrum. This
laboratory experiment and its results are described in Appendix C which is a
preprint of a paper entitled "Laboratory Measurement of the Millimeter-Wave
Properties of Liquid Sulfuric Acid (H,SO,)" by Fahd and Steffes, which has been
submitted to the Journal of Geophysical Research: Planets.




In the second half of this grant year we intend to complete the analysis of our
observations of the 1.4 mm emission spectrum of Jupiter. By using the results
of our laboratory measurements of the 1.4 mm opacity of gaseous H,S, combined
with our radiative transfer model already developed for Jupiter, we hope to
establish Timits on the abundance and distribution of gaseous H,S in the Jovian
atmosphere. We will also begin construction of the laboratory apparatus for
measurement of the millimeter-wave opacity from gaseous H,S0, under simulated
Venus conditions. This 1is an especially difficult task given the high
temperatures required to obtain enough H,SO, vapor so as to be able to measure

its opacity, and the high pressures characteristic of the Venus atmosphere.

Finally, we intend to pursue an integrated multi-spectral analysis of Venus
atmospheric data employing: 1) recent Pioneer-Venus radio occultation data for
13 cm opacity in the Venus atmosphere (ref. Jenkins and Steffes, 1991); 2)
recent earth-based observations of the microwave (ref. Steffes et al., 1990) and
millimeter-wave (ref. de Pater et al., 1991) emission from Venus, and 3) recent
earth-based and spaced-based observations of the I.R. emission from Venus. Our
study will also establish requirements for additional laboratory measurements,
especially in the I.R. We are also studying the possibility of directly
monitoring the signals from the Galileo Jupiter Probe with an earth-based radio
telescope so that we could obtain another independent measurement of radio

opacity at a localized position within the Jovian atmosphere.



II. OUTER PLANETS STUDIES

1 Measurement of (H,S) Opacity at G-Band

1.1 Laboratory Configuration

A block diagram of the system used to measure H;S absorption is shown in Figure
1. The G-Band CW signal (~218 GHz) is generated by doubling a W-Band (~109
GHz) klystron tube source. The klystron power supply provides modulation by
varying the voltage on the reflector of the klystron. The variation in frequency
using this technique is less than 0.5%. Since the pressure-broadened H,S line is
several GHz wide, absolute frequency stability is not necessary. A sample of the
signal from the klystron is taken by a 20 dB coupler and downconverted to an IF
of about 800 MHz by a harmonic mixer. A microwave source phase locked to a
microwave frequency counter provides the LO for the mixer. The frequency and
stability of the IF signal is monitored with a hiéh resolution spectrum analyzer.
The frequency of the klystron can be calculated from the precise measurement of
the IF and LO frequencies using the spectrum analyzer and frequency counter.
High gain horn antennas are used to transmit and receive the G- band signal
which passes through a 71 cm glass cell. A G-Band detector converts the received
millimeter-wave signal to a voltage which is measured with a lock in amplifier. A 5
cm piece of WR-5 waveguide (f. = 168 GHz) acts as a high pass filter to prevent any
leakage of the fundamental or first harmonic (~ 109 GHz) through the doubler from
being detected. A highpass filter (f. = 300 GHz) was used to measure the signal
level of the third harmonic (~ 327 GHz). The power from the third harmonic was
found to be more than 30 dB down from the second harmonic. Thus, the detector

is measuring power from only the desired harmonic.



Reflections occur at the cell boundaries due to the different dielectric constants
of the air outside the cell, gas mixture in the cell, and lens material at the cell
boundary. In order to measure the absorption due to the H;S gas mixure, the
power or voltage on the detector is first measured with the H;S mixture in the cell.
The power is then measured in the cell filled with a gas mixture of 90% hydrogen
and 10% helium. This mixture has a similar index of refraction as that of the H;S
gas mixture. Thus, the reflections occurring at the cell boundaries will be similar
for both gas mixtures. The absorption due to the hydrogen and helium mixure is
negligible. The attenuation due to the H;S mixure can be inferred from the ratio of
the voltages measured with the two gas mixtures in the cell. This approach ensures
that the drop in signal level is due only to absorption and not changes in reflection
at the cell interfaces.

A pre-mixed, constituent analyzed gas mixture (Matheson) is used in all experi-
ments. This mixture consists of 78.79% H,, 9.28% He and 11.93% H,S. A relatively
high mixing ratio of H;S is needed in order to measure absorption in the cell. The
uncertainty in this mixture is +2% of the stated component mixing ratio. The
experiments take place at ambient temperature (296K) and at a total pressure of 2
atm.

The main source of uncertainty in this experiment is due to power drift in
the klystron source. Power and frequency drift occur as the temperature of the
klystron varies. Although the klystron is mounted on a large heat sink to reduce
power and frequency drift, the output power exhibits a sinusoidal drift. By carefully

characterizing the sinusoidal drift in power, the error bars have been minimized.



1.2 Experimetal Results

The pressure-broadened linewidth of H,S in an H, /He atmosphere can be expressed
by
T n
Ay = (F) . [AVH,PH, + Avg.Py. + AVH,SPH-,.S] (1)

where Avgy is the hydrogen-broadened linewidth and n is assumed to be 2/3. The
self-broadened linewidths of several H,S lines, including the 252 — 2;,; line at 217
GHz, have been measured by Helminger and De Lucia (1977). The reported value
of the self-broadened line width of the 2y — 2, line, Avy,s, is 9.10 MHz/Torr
(6.92 GHz/bar). The helium-broadened linewidth, Avg, has been measured for the
193 — 13, line of H,S at 168.8 GHz and at 295K by Wiley et al. (1989) and found
to be 1.60 MHz/Torr (1.22 GHz/Bar). We assume the same value for the 23 — 2,
transition.

The measured absorption at a pressure of 2 atm at room temperature is shown
in Figure 2. The solid lines represent the theoretically computed absorption. The
line parameters used in the absorption computation are taken from the GEISA line
catalog. We use the Van-Vleck Weisskopf lineshape with the line width as given
in Equation 1. The absorption in dB/m is calculated for several values of Avpy,.
Visual inspection of Figure 1 reveals that the value of Avy, is approximately 2+0.5

GHz/Bar (2.6 + 0.7 MHz/Torr).



| ednbi4

xog
seig

(enbaw woisng)
53¢ eomos sH

U %007

Jeignoq
Aduenbeuy
edoosoosO
10}0836Q UA 18D SSEP
Nglply
/ :
SBUUGIUY WOH
>§:H% (zHO 21-8) w:mw $1-0)
dusndelq e eoMN0g > 10zApeuy
dogyduly L o[ sej0union OABMOIOIN 300§ SABMOIOWN 19 wnyoedg
eseyd OuouLeH
J038j08]
egnyL
(ZHO 91-601) uonsAD
)
Addng
iemod
uosApy




ABSORPTION dB/m

[\ by, =1 GHz/Bar (1.3 MHz/Torr)
2

200

210

215 220 225 230 235 240
FREQUENCY GHz

Figure 2: Result from laboratory
measurement ‘of the 1.4 mm
opacity from H,S in a
H.,/Hé atmosphe¥e. Note
that the results are most
consistent with a broadening
parameter of 2 GHz/Bar , or
2.6 MHz/Torr.



2. Dual Wavelength Observation of Jupiter at 1.4 mm

2.1 Instrumentation

The observations were made with the 10.4m Caltech Submillimeter Observatory
(CS0). The receiver is double side band with a band separation of 2.8 GHz. The
receiver (double side band) temperatures measured at 215 and 230 GHz were 220K
and 240K respectively. The Acousto-Optic Spectromoeter (AOS) has a total
bandwidth of 500 MHz and 1024 channels.

We observed both Jupiter and Mars on November 25, 1990, with the LO centered at
215.3 GHz. The frequency of the 2, , - 2, , transition of H,S (216.7 GHz) is then
centered in the upper sideband. The two planets were observed on November 26,
1990, at a frequency 229.6 GHz. This frequency was chosen so that the CO
transition at 230.5 GHz, which has been observed in the spectrum of Mars, would
be in between the upper and lower sidebands. Therefore, it would not interfere

with the observed continuum level of Mars.

Chopping was accomplished in the position switching mode. In this mode, the
antenna is alternately pointed ON the source (planet) and at a position in the
sky OFF the source 5' in either the + or - azimuth direction. The telescope
remains ON the source and OFF the source for a duration of 10 seconds. One scan
of the source is defined as 4 ON/OFF cycles resulting in a total integration time
of 80 seconds per scan. A chopper wheel calibration is performed before each
scan of the planet. This calibration removes the effects of the earth's

atmospheric opacity.

Accurate pointing of the antenna is accomplished by constructing a five point map

of the planet in order to calculate the center of the source. After initially

10



centering the telescope on the planet, the pointing was accurate to better than

4", The telescope was typically repointed after every other scan.
2.2 Calibration

Brightness temperatures of 211.9 and 212.6K are assumed for Mars at 216 and 230
GHz, respectively. These temperatures are based on the models of Rudy (private
communication, 1991). The calculated millimeter-wave emission from Mars is

assumed to be accurate to within + 10%.

The temperatures of the planets are corrected for partial filling of the antenna
beam using the correction factor in Ulich et. al., (1980). For Jupiter, we use
an equatorial radius at the 1 bar level of 71495 km and an ellipticity of 0.065.
This value is based on the radio occultation experiment aboard Voyager (Lindal
et al., 1986). A value of 3397 km was assumed for the Mars equatorial radius
with an ellipticity of 0.0006. These are the same values as those used by

Griffin et al. (1986).

Ideally, the observations of Jupiter should be made when the calibrator (Mars)
is close to the source (Jupiter) in the sky. In this case, the effects of any
time or spatial variation in the earth's atmospheric opacity will be limited.
However, good observations of Jupiter relative to Mars can still be made if the
atmospheric opacity is relatively stable and both planets are observed at similar

elevations.
2.3 Results

Analysis of this data is currently ongoing and should be completed by the end of

this grant year.

11



III. VENUS STUDIES

Laboratory measurements of the opacity of gaseous SO, under Venus-
like conditions:

Gaseous sulfur dioxide has long been recognized as one of the
dominant absorbers present in the middle atmosphere of Venus
(Steffes et. al, 1990). To fully understand the role of gaseous SO,
on the observed millimeter-wave emission from Venus, a knowledge of
the absorption of gaseous SO, in a CO2 atmosphere at millimeter-
wave 1s necessary. This need has motivated a direct measurement of
the opacity of gaseous SO, at 3.2 mm.

The experimental approach used to measure the absorptivity of
gaseous SO, in a CO, atmosphere is similar to that previously used
by Joiner and Steffes (1991) in determiniﬂg the millimeter-wave
opacity of NH; under Jovian-like conditions. A block diagram of the
experimental setup is shown in Figure (3). In this setup, a Fabry-
Perot resonator shown in Figure (4) is employed to measure the
opacity of SO, at 94 GHz. The absorptivity is measured by observing
the effects of the test gas mixture on the quality factors (Q's) of
the Fabry-Perot resonator. For relatively low-loss gas mixtures,
the relation between the absorptivity of the gas mixture and its
effect on the Q and the transmissivity (t) of a particular

resonance is given by:

a=§ (O (1-£5%) -2 (1-£5%%))

where a is the absorptivity of the gas mixture in Nepers/Km, note:
an attenuation constant, or absorption coefficient or absorptivity
of 1 Neper/Km =2 optical depths per Km = 8.686 dB/Km where the

first notation is the natural form used in electrical engineering,

12



the second is the prevalent form used in physics and astronomy, and
the third is the common (logarithmic) form. Qo is the measured
quality factor with the gas mixture present while Q,_ is the
measured quality factor of the empty resonator. In addition, t,
denotes the transmissivity through the cavity at resonance with the
gas mixture loaded while t, denotes the measured transmissivity
without the gas mixture. By using the above expression to calculate
the absorption of gaseous SO,, one can minimize the effect of
dielectric loading which may be present in the systen.

The results of our measurements are shown in Figure (5). In
this figure, the absorption (normalized to mixing ratio) of gaseous
SO, at two distinct pressures are compared with the theoretically
calculated values of the opacity of SO, in accordance with the Van-
Vleck Weiskopf formalism. As a result, we can state that our
measured opacity agrees with the predicted values from the VVW
model. These results are extremely important since they show that
the f2 dependence of the opacity of SO, which was proposed by Jansen
and Poynter (1981) and adopted by Steffes and Eshleman (1981) for
frequencies below 100 GHz is not valid.

Currently, we are working on incorporating our measurements
into a radiative transfer model in order to investigate the role of

S50, on the millimeter-wave brightness temperature of Venus.

13
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Figure 5:
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Results for the absorptivity (dB/km) of SO2

in a C02 atmosphere. Note that the results are
normalized by SO2 mixing ratio. This experiment
was conducted at a temperature of 293 K.
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JV. PUBLICATIONS AND INTERACTION WITH OTHER INVESTIGATORS

After attending the October, 1990, AAS/DPS meeting (Charlottesville, VA) where
we presented 4 papers (Fahd and Steffes, 1990a; Fahd and Steffes, 1990b; Joiner
and Steffes, 1990; Jenkins and Steffes, 1990; see Appendix A), we prepared and
submitted two papers to the new Journal of Geophysical Research: Planets. These
papers are to be included in a special issue on Laboratory Research for Planetary
Atmospheres. The first is entitled "Modeling of the Millimeter-Wave Emission of
Jupiter Utilizing Laboratory Measurements of Ammonia (NH;) Opacity" by Joiner and
Steffes and is attached as Appendix B. The second is entitled "Laboratory
Measurement of the Millimeter-Wave Properties of Liquid Sulfuric Acid (H,SO,)"
by Fahd and Steffes and is attached as Appendix C.

Our work has been complemented by our past involvement in the Pioneer-Venus Guest
Investigator Program in which we processed radio occultation data in order to
obtain 13 cm absorptivity profiles for the Venus atmosphere (Jenkins and Steffes,
1991). This has kept us in close contact with a large number of Venus
investigators. More informal contacts have been maintained with groups at the
California Institute of Technology, with the Stanford Center for Radar Astronomy
(Drs. V.R. Eshleman, G.L. Tyler, and T. Spilker, regarding Voyager results for
the outer planets, and laboratory measurements), and with JPL (Drs. Robert
Poynter, Samuel Gulkis, and Michael Klein, regarding radio astronomical
observations of the outer planets and Venus). We have also worked with Dr. Imke
de Pater (University of California-Berkeley) by using our laboratory measurements
of atmospheric gases in the interpretation of radio astronomical observation of

Venus and the outer planets. We have also studied possible effects of the

17



microwave opacity of cloud layers in the outer planets' atmospheres. In this
area, we have worked both with Dr. de Pater and with Dr. Paul Romani (Goddard

SFC).

In the second half of this grant year, we will again submit results of our latest
work to the annual AAS/DPS meeting. We will also submit a paper to the JEEE
Transactions on Microwave Theory and Technigues describing our observations of
Jupiter and accompanying laboratory measurements of H,S at the 1.4 mm wavelength.
(This will be submitted for a special issue on “Microwaves in Space"
commemorating the International Space Year.) Finally, we will prepare and submit
a paper to Icarus describing our laboratory measurements of the microwave and
millimeter-wave opacity of S0,, and how the results a%fect interpretation of the

microwave and millimeter-wave emission from Venus.
V. CONCLUSION

In the first half of this grant year we have continued a very active program of
laboratory measurements of the microwave and millimeter-wave properties of
planetary atmospheric constituents. We have also been involved in observational
and interpretive studies of the microwave and millimeter-wave emission from
planetary atmospheres. In the second half we intend to complete the analysis of
our observations of the 1.4 mm emission spectrum of Jupiter. By using the
results of our laboratory measurements of the 1.4 mm opacity of gaseous H,S,
combined with our radiative transfer model already developed for Jupiter, we hope
to establish strong 1imits on the abundance and distribution of gaseous H,S in

the Jovian atmosphere. We will also begin construction of the laboratory
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apparatus for measurement of the millimeter-wave opacity from gaseous H,S0, under
simulated Venus conditions. This is an especially difficult task given the high
temperatures required to obtain enough H,S0, vapor so as to be able to measure

its opacity, and the high pressures characteristic of the Venus atmosphere.

Finally, we intend to pursue an integrated multi-spectral analysis of Venus
atmospheric data employing: 1) recent Pioneer-Venus radio occultation data for
13 cm opacity in the Venus atmosphere (ref. Jenkins and Steffes, 1991); 2)
recent earth-based observations of the microwave (ref. Steffes et al., 1990) and
millimeter-wave (ref. de Pater et al., 1991) emission from Venus, and 3) recent
earth-based and spaced-based observations of the I.R. emission from Venus. Our
study will also establish requirements for additional laboratory measurements,

especially in the I.R.
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Appendix B

Modeling of the Millimeter-wave Emission of
Jupiter Utilizing Laboratory Measurements of
Ammonia (NH3) Opacity

JOANNA JOINER AND PAUL G. STEFFES
School of Electrical Engineering, Geonga Institute of Technology, Alanta, GA 30332-0250

Radiative transfer models which have been used to calculate the millimeter-wave emission
from Jupiter do not agree well with the existing radio astronomical observations (e.g. dePater and
Maassie, 1085). This apparent discrepancy has gone largely unexplained due to a lack of labo-
ratory data at these wavelengths coupled with uncertainties in the calibration of existing radio
astronomical observations. Previous laboratory measurements of the 7.6 to 9.38 mm opacity from
gaseous ammonia (NHjy) by Joiner o ol (1989) were inconclusive as to which theoretical lineshape
most accuratedly describes the behavior of NHy at these wavelengths. We have made additional
laboratory measurements of the millimeter-wave opacity of gaseous ammonia at a shorter wave-
length (3.2 mm) where the theoretical lineshapes are further separated. The measurements were
conducted at a temperature of 210K, at pressures ranging from 1 to 2 atm, and in a mixture con-
sisting of 85.56% hydrogen (H3), 9.37% helium (He), and 5.07% ammonia (NH;). We have given
a revised formalism for the Ben-Reuven lineshape in order to predict the absorption from NHj,
in an H3/He atmosphere. We investigate several other potential candidates for millimeter-wave
absorption and give revised formalisms for computing their absorption. We have compiled a list of
reliable millimeter-wave radio astronomical observations of Jupiter. We compare our revised list
of observations to calculated emission spectra which utilize revised expressions for the absorption
from NH; as well as other opacity sources.
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1. INTRODUCTION

The millimeter-wave spectrum is a one of the few regions
capable of probing beneath the dense cloud layers of Jupiter.
The measured emission from Jupiter at microwave frequen-
cies (below 30 GHs) can be well explained by models using
various profiles for the abundance of ammonia (NHas), the
dominant absorber at these frequencies. However, when the
same models are used to calculate the emission at millimeter
wavelengths, a discrepancy is found to exist between the cal-
culated emission and the existing radio astronomical obser-
vations (see e.g. dePater and Massie, 1985). Because there
are several sources of uncertainty in both the observations
and the models, inferring information from millimeter-wave
spectra of Jupiter is difficult.

One of the largest sources of uncertainty in modeling the
millimeter-wave emission from the outer planets involves the
calculation of the absorption coefficient of the atmospheric
constituents. There are several sources of opacity in the
millimeter-wave spectra of Jupiter. The dominant absorber
at millimeter wavelengths is gaseous ammonia (NH,). An-
other source of millimeter-wave opacity is pressure-induced
absorption from hydrogen, helium, and methane. Besard ef
al. (1983) first demonstrated that gaseous hydrogen sulfide
(H3S), which has yet to be detected on the outer planets,
may be contributing to the opacity observed in Jupiter'’s
millimeter-wave spectrum. Both H3S and H;O have strong
rotational lines at millimeter wavelengths. Cloud particles
may provide another source of millimeter-wave opacity. Al-
though molecules such as PHy, HCN, and CO contain strong
absorption lines at millimeter wavelengths, they do not ex-
ist in abundances great enough to significantly affect the
millimeter-wave spectrum of Jupiter.

Accurate calibration of the radio astronomical obeerva-
tions of the outer planets at millimeter wavelengths is crit-
ical if meaningful comparisons are to be made between dif-
ferent observations and between the observations and radia-
tive transfer models. The most frequently used calibrator
at these wavelengths is Mars. However, the uncertainty in
the modelled filux from Mars Is reported to be at least 10%
(Griffin ef al. , 1986) and could be as high as 20% (Orton,
private communication, 1989). Before the millimeter-wave
spectrum of Jupiter is fully understood, better calibration
techniques will be needed. In addition, laboratory studies
of potential absorbers are needed in order to interpret the
measured emiseion from Jupiter correctly.

This paper describes the techniques used to make lab-
oratory measurements of the millimeter-wave opacity from
gaseous ammonia under simulated Jovian conditions. The
results of these experiments are applied to radiative transfer
models which are used to compute the millimeter-wave emis-
sion from Jupiter. Other sources of millimeter-wave opac-
jty in the Jovian atmospheres are also examined. New ex-
pressions for the microwave and millimeter- wave absorption
from NH,, H;0, cloud condensates, and pressure-induced
absorption from H;, He and CH, are given and applied to
the radiative transfer model. Reliable millimeter-wave ob-
servations are then compared to calculated emission spectira
utilising expressions for the absorption from various atmo-
spheric constituents based on recent laboratory studies.

2. MEASURBMENTS CF NHs OPACITY AT 3.2 MM
The absorption from gassous ammonia (NHs) in a sim-

ulated Jovian atmosphere has been measured at 7.5-9.38
mm (32-40 GHs) by Joiner ef al. (1989). These measure-
ments were compared to three theoretical formalisms. Al-
though the data appeared to rule out the Van-Vieck Weis-
skopf (1945) lineshape, it was not clear whether the Gross
{1955) lineshape or some modified form of the Ben-Reuven
(1966) lineshape most accurately described the behavior of
NH; at millimeter wavelengths. In order to further evaluate
the millimeter-wave absorption from gaseous NHa, we have
made measurements of its opacity at a frequency of 94 GHz
(3.2 mm) under simulated conditions for the Jovian plan-
ets. At this frequency the lineshapes differ by a significant
amount, thus allowing a more accurate determination of the
abeorbing properties of ammonia at the high frequency tail
of its pressure-broadened inversion spectrum. These exper-
iments represent the first time that the opacity of gaseous
NH,; at wavelengths shortward of 7.5 mm has been measured
under simulated conditions for the Jovian atmospheres.

Laboratory Configuration

The laboratory measurements are conducted using the
W-Band millimeter-wave planetary atmospheres simulator
shown in Figure 1. The W-Band millimeter-wave source con-
sists of 2 power supply and backward wave oscillator (BWO)
tube which act together as a millimeter-wave sweep oscilla-
tor. The millimeter-wave oscillator sweeps over the entire
frequency range affected by the resonance in the Fabry-Perot
resonator. The resonator is located inside a temperature
chamber (ultra-low temperature freeser). Rigid pieces of
WR-10 waveguide connect the resonator to the millimeter-
wave source and receiver located outside the temperature
chamber. The receiver utilises s harmonic mixer in which
the local oscillator (LO) is a microwave source which Is
phased locked to a microwave frequency counter. The fre-
quency of the LO is approximately 9.25 GHs. The tenth
harmonic of the LO is then mixed with the outgoing sig-
nal from the resonator producing an intermediate frequency
(IF) of about 1.5 GHs. The IF signal is coupled from the
mixer to the high resclution spectrum analyser. The spec-
tral response of the resonator is then viewed with the high
resolution spectrum analyzer.

The W-band Fabry-Perot resonator shown in Figure 2
consists of two gold plated mirrors, one flat and one spher-
fcal, which In eflect produce a bandpass filter at the reso-
nance. Electromagnetic energy is coupled both to and from
the resonator through twin irises located on the flat mirror.
The flat and curved mirrors have diameters of 5 and 11.5
cm respectively. The separation between the two mirrors
is approximately 15 cm. This type of configuration yields
superior focusing which is evident in the high quality factor
(Q) of the resonator which is on the order of 25000.

The W-band resonator is contained in a cross shaped glass
plpe with the curved mirror resting on two fixed support
arms. The fixed arms can be adjusted in order to change the
distance between the mirrors without disturbing the sensi-
tive alignment of the mirrors. Each of the open ends of the
pipe is sealed with an O-ring sandwiched between the glass

lip and a flat brass or aluminum plate which is bolted to an .

inner flange. One of the plates contains an inlet for the gas
to be introduced and evacuated. A network of 3/8" stainless
steel tubing and valves connects the resonator to cylinders
containing the various gases used in the experiments (H;,

oo b

[Flo)
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He, and custom mixture). In addition, the pipes are also
connected to an oil diffusion vacuum pump, a thermocou-
ple vacuum gauge tube (0-27 Torr), and a positive pressure
gauge (0-100 PSIG). Each component may be isolated from
the system using the valve configuration shown in Figure
1. The system is capable of containing two atmospheres of
pressure without detectable Jeakage. The experiment takes
place indoors with the gases being released outdoors through
a vent pipe where they are safely djluted by air. A flammable
gas detector is used to detect any leaks that may occur dur-
ing the experiment.

Ezperimental Approach

The absorption from gaseous ammonia can be calculated
by observing changes in the bandwidth and center frequency
of a resonance with and without the absorbing gas present.
For a low- loss gas such as NH,, if the percentage change
in the center frequency of the resonance with and without
the NH; present is small (for our experiment, the percentage
change Is approximately 0.3%), then the abeorptivity can be
expressed as

&= (BWy - BWo)™X =2.006 - 107 (ABW) em™ (2.9)

where ABW is the change in bandwidth (in MHz) of the
resonance with and without the absorbing gas present.

In order to evaluate Equation 2.2, the loaded bandwidth
of the 94 GHs resonance, BW,, is first measured while the
gas chamber is filled with a premixed H;/He/NHs mixture.
The quantity BWo Is found by measuring the bandwidth
in an H;/He mixture (no NH, present) instead of using the
bandwidth measured in an evacuated chamber. This ap-
proach accounts for the dielectric loading effect which is de-
scribed at length in Joiner et al. (1989).

In order to observe the absorption due to ammonia with
our system, a fairly high mixing ratio of NH; is needed. A
premixed, constituent analyzed mixture (Matheson) consist-
ing of 85.56% H3, 9.37% He, and 5.07% NH, is used in all
experiments. In order to avoid condensation, the experi-
ments take place at a temperature of 210 K. The pressures
of the experiments range from 1 to 2 atm.

Ezperimental Uncertainties

The malin contribution to the uncertainty in this type of
measurement is due to noise in the system. This noise is
visible when measuring the bandwidth of a resonance with
the spectrum analyser. The uncertainty in measured ab-
sorptivity due to noise in our system is on the order of £
20-25%. Other uncertainties are due to instrumental error
and include the uncertainty in the ammonia mixing ratio,
uncertainty in the measurement of total pressure, and vari-
ations in the chamber’s temperature. The combined un-
certainties in the absorption coefficlent resulting from these
three sources is approximately £6%. The total uncertainty
from all sources is reflected in the reported error bars.

The uncertainty in the measurement of center frequency
and bandwidth (disregarding nolse) is affected by the mi-
crowave LO source as well as the spectrum analyser. By
phase locking the microwave LO source to a microwave fre-
quency counter and properly calibrating the spectrum ana-
lyser, these uncertainties become negligible.

Eszperimental Results

Several different theories have been used to describe the
frequency dependent part of the collision or pressure broad-
ening of NH; inversion lines broadened in a Ha/He atmo-
sphere. The Van Vieck- Welsskopf (1945) lineshape is known
to be accurate at low pressures (less than 1 atm). Zhe-
vakin and Naumov (1963) derived a different lineshape and
found that their lineshape gave better results than the Van
Vleck-Weisskopf theory when applied to experimental data
regarding atmospheric water vapor absorption. This line-
shape was also derived independently by Gross (1955). It
Is sometimes referred to as the kinetic lineshape. The for-
malisms for computing these lineshapes are given in Joiner
et al. (1989). Ben-Reuven (1966) derived a more compre-
hensive lineshape which was found to be more accurate at
higher pressures. This lineshape can be shown to reduce to
the other lineshapes under certain conditions. The parame-
ters of this lineshape may be varied in order to be compatible
with laboratory measurements as in Berge and Gulkis (1976)
and as we have done below. Figure 3 shows a graph of the
calculated absorption from ammonia based upon four of the
theoretical formalisms described above. The center frequen- -
cies and self-broadened linewidths (,) of the NH, inversion
resonances used in all calculations are taken from Poynter
and Kakar (1975). The submillimeter lines are calculated
a8 in dePater and Massie (1985) except that the Gross line-
shape is used instead of the Van Vieck- Weisskopf lineshape.

The results of the measurements of NHy absorption at

3.2 mm are given in Table 1 along with the theoretically-—
whiel

derived values using various formalisms. It is clear that
neither the Van Vleck-Weisskopf nor the Gross lineshapes
provides a good fit to these measurements. We have mod-
ified the parameters of the Ben- Reuven lineshape in order
to be compatible with the results of this work as well as
the work of Morris and Parsons (1970), Steffes and Jenkins
(1988), Joiner et al. (1989) and Spilker (1990). This formal-
ism employs the Ben-Reuven lineshape as described in Berge
and Gulkis (1976) with the pressure-broadened linewidth
and coupling element given by

. 300,3/3 300,%/?
(s, k) = 1.69PH,(?) + 0.75Py.(—T—- i

+o.eP~H,(%)q,(,‘,k) GH: (2.3)
60 8) =135Pw, ()™ + 03P, (32)™"
+0.2Pwn, (32) (5, K). GHe (2.4)

No additional correction term is used in this formalism.

3. APPLICATION (F RESULTS TO RADIATIVE TRANSFER MODEL

A forward modeling approach is taken in which the pa-
rameters of the radiative transfer model are varied in an
attempt to fit the calculated emission spectra to radio as-
tronomical observations. The disk-average brightness of a
planet, at a frequency » is given by

B,(Tp) = 2/; /o'” B.(T)ezp(—i)dr dp. (3.1)

ORIGINAL PAGE IS
CF POOR QUALITY



where B, (T) is the Planck function The quantity u is the co-
sine of the senith angle. The senith angle at 3 given point on
a constant pressure surface in the atmosphere of the planet
is defined as the angle between the line of sight to the planet
and the local normal to the surface at that point. The opti-
cal depth, 7, is defined as

r(z) = /o .a..(z)dz (3.2)

where 2 is the depth as measured from the top of the planet
and a,(z) is the sum of all the absorbing processes at a
frequency ». The pressure may be related to depth in the
atmosphere by the hydrostatic equation and the equation of
state.

The integral in Equation 3.1 is evaluated downward from
the top of the atmosphere (2 = 0) and is terminated when a
value of 5 optical depths for r is reached. We have evaluated
the integral over u in Equation 8.1 for Jupiter using two
methods. The first method takes into account the oblate
shape of the planet by using a grid approach {e.g. dePater
and Massie, 1984). The second method assumes a spherical
shape for the planet. Since the two methods differed by less
than 1K or about 0.05%, we use the spherical approximation
for all model calculations.

Temperature-Pressure Profile

The temperature-pressure profile, T(P), is calculated as
in Briggs and Sackett (1989). A saturated adiabatic lapse
rate is used as the calculation of T(P) evolves from deep in
the atmosphere. The parameters for latent heat release are
taken from Briggs and Sackett (1989). The infermediate case
{or the specific heat of hydrogen (Wallace, 1980) is assumed.
The T(P) profile is calculated iteratively and constrained
to meet the 1 bar temperature of 165K derived from the
Voyager radio occultation experiments (Lindal ef al. , 1981).
At pressures from 10 mbar to 1 bar, a T(P) profile derived
from Voyager data is used, which corresponds to the whole
Jovian disk (similar to Besard et al. , 1983). The T(P) profile
is shown in Figure 4.

Pressure-Induced Absorption

Pressure-induced absorption is caused by the transient
dipole which is induced by intermolecular forces in colliding
H,-Hj, Hy-He, and H;-CH, molecules. Goodman (1969)
developed a simple expression for calculating the microwave
and millimeter-wave pressure-induced absorption of H;-H;

and H;-He pairs. We have updated this expression so that

it is consistent with empirical expressions which have been
used to describe more recent laboratory data taken at in-
frared wavelengths by Bachet et al. (1983) and Dore et al.
(1983). New parameters for the temperature and pressure
dependencies in the Goodman (1969) expression have been
fit to a six parameter model from Borysow ef al. (1985).
A term which accounts for the H» CH, absorption has
also been added. The parameters for this expression were
optimised for temperatures and pressures corresponding to
Jupiter’s atmosphere. The new expression is

_ 3.56e—11

273 8.12
e ) )

- e (2

2.24 3.84
+1.38Pu.(z;—,3-) +9.32Pa,,,.(%°1) ]cm" (3.3)

where Pu,, Pu., Pcu, are the partial pressures of hydrogen,
helium, and methane in bars and A is the wavelength in cm:
This expression deviates from the Borysow formalism by less
than 1% for temperatures and pressures at altitudes above
the 10 bar level in Jupiter’s atmosphere. For the Jovian
conditions in the 10 to 100 bar region, the new expression
deviates from the Borysow formalism by less than 10%.

Ha 0 Absorption

We use an expression for water vapor absorption under
Jovian conditions which is based on laboratory data under
terrestrial conditions. The parameters for the water vapor
lines (i.c. transition frequencies, line strengths, linewidths)
are summarized in Ulaby et al. (1981) from a more detailed
compilation given in Waters (1976). This calculation In-
cludes ten rotational lines with frequencies up to 448 GHs.
The kinetic lineshape s used in this calculation along with a
correction term which was empirically derived by Gaut and
Reifenstein (1971). The term P appearing in the expressions
given by Ulaby ef al. {1981), representing the pressure under
terrestrial conditions, is replaced by (0.81 Py, +0.25P4,) in
order to take into account the broadening characteristics of
the Jovian atmosphere.

H;S Absorption

Several strong rotational lines of HyS appear in the mil-
limeter spectrum at frequencies near 168, 217 and 300 GHs.
We use 3 model of hydrogen sulfide absorption which is
based on line strengths and center frequencies given in the
GEISA catalog. We estimate the nitrogen-broadened line
width to be approximately 2 GHs/bar based on its broaden-
ing of NHs and H;O. We use a pressure-broadened linewidth
of dv = 2 - (0.81Px, + 0.25Px,) (222)*/* GHs/bar and the
Gross lineshape.

Cloud Abasorption

An expression for the absorption due to cloud conden-
sates based on Rayleigh scattering has been integrated into
our radiative transfer model. In the Rayleigh regime, the
absorption is expressed by

. 187M [ e ] em™
- pA (f‘ + 2)’ + euﬂ

! (3.4)

(Battan, 1973) where p is the density of the condensation
particle, M is the bulk density of the cloud in the same
units, A is the wavelength in cm, and & = ¢’ — je" is the
complex dielectric constant of the cloud material (related to
the complex Index of refraction, A = n — jk, by ¢ = 4%).
Using Equation 3.4 along with models for cloud bulk den-
sities based on equilibrium condensation models (see e.g.
Briggs and Sackett, 1989), cloud opacity has been added to
our Jovian model. The bulk densities calculated with equi-
librium condensation models assume total condensation and
thus the maximum expected bulk densities of cloud conden-
sates. Romani (private communication, 1990) suggests that
the actual cloud densities on Jupiter may be a factor of §
lower than those predicted with equilibrium condensation
models. Thus, the cloud bulk density will be taken as a
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variable in the calculating the absorption from cloud con-
densates.

Previous models have included only the contribution from
the NH; ice cloud. However, weighting functions show that
most of the emission from Jupiter at millimeter wavelengths
originates from pressures levels between 1 and 3 bars. Thus,
the potential contributions from any NH(SH cloud as well
as from H;O (ice and aqueous solution) clouds should also
be included. Because the complex index of refraction of the
condensates at these wavelengths is not known, values were
extrapolated from laboratory measurements in the infrared
by Sill et al. (1980). A values of 1.3 is used for nyx,, the
real part, and values between 0.01 and 0.05 for kwax,, the
imaginary part of the index of refraction are used in our
model program. Similarly, a value of 1.7 (CRC) Is used
for nyy,sy and values between 0.01 and 0.05 are used for
knm,su. Values of 1.78 for ny, 0 and 0.01 for ky, o (ice) are
taken from Ulaby ef al. (1981). An expression for absorption
by liquid water is given in Briggs and Sacket (1989).

4. DIscUsSION

We have surveyed the existing microwave and millimeter-
wave observations of Jupiter and compiled a list of reliable
observations to use as a basis for comparison with theoret-
jcally computed spectra of Jupiter. A list of reliable obser-
vations published at frequencies from 36 to 300 GHs (1-8.35
mm) is given in Table 2 along with corresponding calibration
sources and spectral bandwidths. Klein and Gulkis (1978)
have normalized all of the observations between 14.5 and
36 GHs (8.35-20.7 mm) to a common flux scale. At longer
wavelengths, Berge and Gulkis (1976) have given a survey in
which the observations have been based on a common flux
scale whenever possible.

Vertical distributions of NHy, HaS and H;0 have been
derived by assuming various sub-cloud mixing ratios for
cloud-forming constituents and using equilibrium condensa-
tion models. The derived abundance profiles are then used
in the radiative transfer model in order to predict the emis-
sion from Jupiter. Four distributions for NHs, two for H3S
and one for H;O are shown in Figure 4. Abundance profiles
for NH, assume deep mixing ratios of 2.5-10~¢ and 3.0-10—4
which correspond to the measured value and upper limit de-
rived by Bjoracker et al. (1986a) at 5um. Distributions for
H,S assume sub-cloud mixing ratios equal to the solar abun-
dance (3.55-107%) and nearly ten times the solar abundance
(2.2-107%) respectively. The H,S is rapidly depleted due to
a reaction with NH, to form NHSH. The H,S distributions
are compatible with the upper limits derived by Larson et
al. (1984) at 2.7um. For sub-cloud H3S mixing ratios less
than or equal to the solar abundance, the NH; mixing ra-
tio is not significantly depleted (as in NH, distributions 1a
and 1b). However, If the H;S mixing ratio is increased to
2.2:107° (as in distribution 2), NH; becomes depleted near
2 bars (as in NH, distributions 2a and 2b). The formation
of an NHj ice cloud further depletes the ammonia near 0.75
bar. The H;O distribution assumes a sub-cloud mixing ratio
equal to the solar abundance (1.23-107*) and Is depleted by
the formation of an ice and aqueous H;O cloud.

The distributigns and cloud bulk densities shown In Fig-
ure 4 may not represent the actual distributions in Jupiter’s
atmosphere, but are used as a basis to test the effects of the
various absorbers on the computed Jovian spectrum. For ex-

ample, the actual H;O distribution in Jupiter’s atmosphere
may be depleted by a factor of 100 {Bjoracker ef al. , 1986b).
The H,0 distributions and bulk densities shown in Figure 4
are used to illustrate the maximum possible ‘effect of H,O
(gas and clouds) on Jupiter’s emission. Although actual dls-
tribution of gases within the belts and sones of the planets
will vary from the those shown in Figure 4, the distribu-
tions we show represent values averaged over the disk of the
planet and hence are used to calculate disk-averaged bright-
ness temperatures.

In Figure 5, the observed Jovian spectrum is shown along
with calculated emission spectra. The model calculations
include only NH; and H30 opacity and use the four NH,
distributions shown in Figure 4. The error bars for obser-
vations using Mars as the primary calibrator include a 10%
uncertainty for the calibration in addition to the systematic
uncertainties reported in Table 2. Model calculations using
all four NHs distributions provide a good fit to observations
near 1.3 cm and at longer wavelengths. However, only NH,

- distributions 1a and 1b provide a good fit to the millimeter-

wave observations. The influence of the 183 GHs H,0 line
on the computed emission is small for NH, distributions 1a
and 1b. -

The effect of adding HaS opacity to model Jovian emls-
sion for two NHj distributions is shown in Figure 6 (solid
line: NH, and H3S opacity only, dashed line: NH;, H;0 and
H3S opacity). In order to account for the large bandwidths
of many of the observations, the contribution from the H;S
lines are averaged over 70 GHs. The average contribution
(dotted line) from H3S is small for NH; distribution 1b but
substantial for NHs distribution 2a. Besard: ef ol. (1983)
have shown the potential effects of H;S on’ Jupiter’s emis-
sion for distributions in which the H3S is not depleted by an
NH,SH cloud.

Figure 7 shows calculated emission spectra with and with-
out cloud opacity Included using NH, distribution 2b. Sub-
stantial opacity is provided by the clouds when values of 0.05
are used for kny, and knw,sx and the maximum cloud bulk
densities from equilibrium condensation models are used.
This case corresponds to the maximum possible effect of the
absorption from clouds. However, when values of 0.01 for
kyn, and knu,sn are used and the cloud bulk densities
decreased by a factor of 5, corresponding to & more real-
istic scenario, the opacity provided by the clouds becomes
negligible,

5. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

Using our new formalism for the Ben-Reuven lineshape in
model calculations, we find that the millimeter-wave obser-
vations of Jupiter can adequately be explained using NH;
opacity alone. Good fits to the observed spectrum are
achieved using vertical distributions for NH; derived from
equilibrium condensations models with deep mixing ratios
of 2.5 — 8- 10™* (solar abundance enhanced by a factor of
1.7-2) for NHs and less than or equal to the solar abundance
(3.35-10™* for H,S.

Gaseous hydrogen sulfide may be providing additional
opacity. Observations with greater spectral resolution are
needed in order to detect the potential dips in emission due
to HaS and thus distinguish the effects of H;S opacity from
those of NHs. Absorption by cloud condensates may also
be providing opacity. However, due to large uncertainties in

5
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the dielectric properties of the condensates and cloud bulk
densities, no firm conclusions regarding cloud opacities can
be drawn at this time.

More laboratory measurements are needed in order to
further evaluate the millimeter-wave and microwave proper-
ties of the outer planets. We plan to make measurements
of the hydrogen and helium pressure-broadened linewidths
of millimeter-wave lines of gaseous hydrogen sulfide in the
future. In addition, measurements of the dielectric proper-
ties of solid NHs and NH,SH are also needed to accurately
assess the effect of cloud condensates on the millimeter-wave
spectra of the outer planets.
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Fig. 1. Block diagram of the planetary atmospheres simulator as
configured for the measurement of millimeter-wave NHy absorp-
tion under simulated Jovian conditions.

Fig. 3. Sketch of the Fabry-Perot resonator which operates at 94
GHs (3.2 mm).

Fig. 8. Theoretically derived absorption profiles in s 90% H3-10%
He-0.03% NHs mixture at 2 bars and 200K using the Van Vleck
Waeisskopf lineshape (VVW, dot-dashed line), Zhevakin-Naumov
or Gross lineshape (ZN-G, dotted line), Ben-Reuven lineshape
as per Berge and Gulkis (BR-BG, dashed line) and Ben-Reuven
formalism as given in this paper (BR-JS, solid line).

Fig. 4. Various abundance profiles for NHs and H38 and cloud
bulk densities based on equilibrium condesation models. Model
1:xH,s = 3.35-1075 (solar), 2a: xvw, = 2.5-1074, 2b: xva, =
$.1074; Model 2:xH,s =2.2-1074, 1a: xyp, = 2.5-107%, 1b;
XNHy = 3-107% xp,0 = 1281072 (solar). Temperature-
Pressure profile calculated with xnyu, = 2.5-1074, x5,5 = 3.8-
10~%, xH,0 = 1.0- 108

Fig. 8. Observed Jovian spectrum (error bars include 10% uncer-
tainty for observations using Mars as calibrator) and computed
emission using NHs and H30 opacity only and vertical distribu-
tions in Figure 4. :

Fig. 8. Obseerved Jovian spectrum with computed emission us-
ing NHy distributions 1b and 2a with H38 distributions 1 and 2
respectively from Figure 4. Dashed line: NH; and H;0 opacity
only; Solid line: NHs, H20 and Ha8 opacity; Dotted line NHs,
H30 and H3S opacity sveraged over a bandwidth of 70 GHs.

Fig. 7. Observed Jovian spectrum with computed emis-
sion using NHs proflle 2b with and without cloud opacity in-
cluded. Solid line: NHy and H30 opacity only; Dashed line:
knn, knu,sy = 0.08 and maximum bulk densities as shown
in Figure 4 (Dotted line below: H38 opacity added); Dot-dashed
line: kns,,kvg, sy = 0.01 and maximum bulk densities (samas
result obtained for ky zr, , kN g, 95 = 0.08 and densities decreased
by a factor of §); Dotted line above: kny, . kna, s = 0.01 and
bulk densities decressed by a factor of §

TABLE I: Absorption summary for NHs at 3.2 mm
86.56%H3, 9.87%He, 65.07%NH,, T=210K

Date Press. o meas. a a a a
(atm) (dB/km) ZN/G VVW BR-BG BR-JS
10/20/88 2.0 115132 428 38506 1170 1208
2.0 100+82 42,83 38506 1170 1208
1.7 §8+30 30.8 283.9 84.7 87.4
36130 30.8 253.0 84.7 874
1.3 0£30 18.2 1489 49.7 51.1
1.0 0430 108 883 20.4 30.8
10/22/88 2.0 91130 423 3850.6 117.0 1208
10/22/88 2.0 01130 428 350.6 1170 1208
i
TABLE 2. Millimeter-wave observations of Jupiter
A v Ts Cal Ay Reference
(mm) (GHs) (K) (GHs)
10 300 16818 Mars 102,220 Wernaer ¢ ol (1978)
108 279 169.945.1 Mars 75 Griffin « al. (1986)
132 227 1709439 Mars 70 Griffin « ol (1986)
1.32 227 1658  planets 39 Ulich o ol (1984)
14 214 8148116 planets 275 Rather e al (1975)
140 214 4168%11 Mam 310 Courtin ¢ ol (1977)
200 150 178.34+1.1 Mars 50 Griffin « ol (1988)
2.18 141 167112 abs 1-2 Ulich (1974, 1981)
2.14 140 ©178118 abs 1-2 Cogdell o al {1975)
300 97  *174110 abs  0.1-0.2 Ulich « ol (1978)
33 90 1725114 Mars 12 Griffin o ol (1986)
.48 86 170.414.7 abs 0.03-0.5 Ulich o ol (1980)
353 85 DR21 12 Ulich (1074)

¢166+6

“Brightness temperatures as given in Berge and Gulkis (1976)

SRecalulated with beam correction factor in Ulich ef al (1980)
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Appendix C

LABORATORY MEASUREMENT OF THE MILLIMETER-WAVE PROPERTIES OF LIQUID SULFURIC
ACID (H;S0,).

Antoine K; Fahd and Paul G. Steffes

School of Electrical Engineering

Georgia Institute of Technology, Atlanta GA., 30332.0250

Abstract, Recent observations of the
millimeter-wave (2.6 mm) emission from Venus
have shown significant variations in its
continuum flux emission (de Pater et al.,
1991). Some of this change in emission may
be attributed to variability in the
abundance of Venus cloud constituents;
specifically H,S0, condensates. The ability
to judge the validity of this assumption
Tequires knowledge of the electrical
properties of the absorbing condensate at
millimeter-wave frequencies (30<f<300 GHz).
In order to accurately model the effect of
the condensates on the flux emission from
Venus, a determination of the dielectric
properties of liquid H,50, is essential. As
a result, laboratory measurements of the .
complex dielectric constant of liquid
sulfuric acid between 30-40 and 90-100 GHz
have been performed.

The methodology and the results are
Teported in this paper along with a
calculation of the absorption of H,S0,
droplets under Venus-like conditions. In
addition, this paper discusses the effects
of these condensates on the variation in the
flux-emission of Venus and compares the
effect of H;S0, droplets with other

absorbers in the atmosphere of Venus such as

gaseous SO,. We conclude that this
condensate does affect the brightness
temperature of Venus and its effect cannot
be omitted in future modeling of the
atmosphere of Venus.

’

I. Introduction

Recent observations of the millimeter-
wave emission of Venus at 112 GHz (2.6 mm)
have shown a 30 K variation in the observed
flux emission as reported by de Pater et al.
(1991). These emission variations may be
attributed to variations in the abundance of
absorbing constituents present in the middle
atmosphere of Venus. Such constituents
include gaseous H,50,, $O,, CO, and liquid
sulfuric acid in the form of cloud
condensate. (Detailed description regarding
the presence of these constituents may be
found in Steffes and Eshleman (1982),
Steffes (1985), and Steffes et al. (1990))
Among these constituents, gaseous CO; is
considered to be the primary absorber in the
atmosphere of Venus. However, the CO,
abundance variability is considered to be
lov and therefore cannot account for the
measured variability in emission.

Recently, de Pater et al. (1991)
suggested that this variability may be
attributed to the variation in the abundance
of the cloud condensate (i.e, liquid
sulfuric scid). In order to evaluate this

hypothesis, a knowledge of the dielectric
properties of liquid sulfuric acid at
millimeter-vave frequencies is needed so as
to determine the expected absorptivity from
such condensate, and hence the effect of
this condensate on the emission spectrum of
Venus. Estimation of the absorption of this
condensate at millimeter-wave frequencies is
not straightforward since no laboratory
measurenents of the dielectric constant of

- 14quid H,50, have been previously reported

at millimeter wavelengths. Although the
dielectric properties of liquid H,;S0, at
microvave frequencies have been measured
(Cimino, 1982), direct extrapolation of
these results i{nto the millimeter-wave

. Tegion can lead to ambiguous results.

" This paper describes the methodology and
the results of laboratory measurements of
the millimeter-wave properties of liguid
sulfuric acid. These measurements represent
the first time that measurements of the
millimeter-wave dielectric property of
liquid sulfuric acid have been reported.

In this paper, we describe measurements
conducted at 30-40 and 90-100 GHz, using two
different concentrations of liquid H;50,. In
addition, the measured data is used to
compute the expected opacity of H,50,
condensates and their effects on the
millimeter-wave emission from Venus.

II. Experimental Approach

The approach used in the measurement of
the dielectric properties of liquid sulfuric
acid at millimeter-wave frequencies is
similar to that described by Moore et al.
(1991). The experiment employs a free space
transmission setup as indicated in Figure 1.
In this configuration, the sample is placed
between the transmitting and receiving
antennas. In addition, optical lenses are
used to focus the energy on the surface of
the sample. The lenses and the two horn
antennas are mounted on an adjustable rail
to allow accurate positioning of these
components with respect to the sample.
Although the sample holder is designed to
rotate to change the incidence angle of the
transmitted wave, our measurements were
performed at a normal incidence with respect
to the sample.

In order to use this system for measuring
the complex dielectric constant of liquids,
a sultable cell had to be designed to hold
the liquid sulfuric ac{d and to minimize the
reaction of the acid with the cell walls. A
sketch of the cell used is shown in Figure 2
where the cell walls are manufactured from
high grade Teflon. The thickness of the cell
walls and the liquid sample are chosen s0
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that an adequate signal level can be
measured by the receiving antenna. A
thickness of 1270 pum 4is chosen as an
appropriate value for the walls and liquid
sample. In addition, the variation in the
thickness of the cell walls is minimized in
order to insure a uniform sample thickness
(125.4pum is achieved).

A block diagram of the electrical
components used to measure the dielectric
constant of liquid sulfuric acid between 90-
100 GHz is shown in Figure 3. A similar
systen employing different antennas and
lenses along with the appropriate power
source is used for frequencies between 30.0
and 40.0 GHz. In both configurations, the
systen employs a digital computer to
automate the measurement process and to
control the Hewlett-Packard 8510 network
analyzer used to measure the transmission
coefficient of the liquid sample.

II1. Experimental Procedure

The first step in the measurement process
is the calibration of the system (without
the sample). In additlon, a check on the .
accuracy of the calibration process is
performed by measuring the dielectric
constant of a single sheet of material and
comparing the measured values with published
data. Once the calibration is satisfactory,
the filled cell is mounted and measurement
of the transmission coefficient of the

liquid , (S;,) pensurea+ 28 function of
frequency is performed. The results of such
measurements are then stored on a magnetic
disk for later analysis.

As stated earlier, the measurement of the
complex permittivity (e =e/ -je’/) of
liquid sulfuric acid was performed at two
different frequency bands covering 30-40 and
80-100 GHz. The measurements of the complex
dielectric constant of two samples of liquid
sulfuric acid having 99% and 85% '
concentration by weight were performed. The
latter concentration was equivalent to the
estimated concentration of sulfuric acid in
the clouds of Venus. In addition, the
measurement of the dielectric constant of
distilled vater was performed in order to
check the accuracy of our measurement
process. In this case, a close agreement
between our measurements and those
previously reported (Oguchi, 1983) was
obtained.

IV. Determination of €,

The determination of the complex
dlelectric constant of the liquid under test
requires careful characterization of the
geometry of the cell used and the
determination of the theoretical
transmission coefficient of that cell. A
sketch of the liquid cell used in our setup
is shown in Figure 4 where medium I and III
denote the teflon walls of thickness d while
medium II represents the liquid under test
with thickness t. For the geometry shown in

Figure 4, a composite scattering matrix
representing the three media and the
corresponding interfaces can be written as,

18)5=[8) 13 [81,[S) ,, 18]
Tt s, )

where [S]y 1s a 2x2 matrix relating the
incoming and outgoing wave amplitudes in
medium 1 and 5 as shown Figure 4. Another
important quantity is the propagation
constant of an electromagnetic wave in
mediun §{ which can be expressed as,

kxnzgf@ (2)

where £ denotes the frequency, c is the

speed of light in free space and €, and y,
are respectively the relative complex
pernittivity and permeability of medium {£.
These two complex quantities can be
expressed as,

R T O &

and

& mefs-Jell . *

Since liquid sulfuric acid does not posses
magnetic properties, B, is equal to H,.
The composite scattering matrix [S], can
then be written as a function of the
propagation constants of the three media and
their respective thicknesses. Since the
dielectric constant of Teflon is well known

(€;;=€;1;=2.0-3.02), [S]; can then be written
as a function & such that,

{Sle=F (k. t.d) (6]

where K;; is the propagation constant in
medium II as expressed in equation (2).

Once [S], has been determined, one can
solve for the propagation constant of medium
I1 (k;;) by minimizing,

(82:) measurea = (S21) ¢ 6

where (S,;)peaqurea 18 the measured
transmission coefficient of the filled cell
while (S,;)y is the theoretically calculated
transmission coefficient obtained from the
matrix [S];. This minimization process is
carried out using a root finder program
based on Newton's method and an initial

guess for K;;. Once a satisfactory value of

kxx has been reached in accordance with (6),
the complex dielectric constant of the
liquid under test can be determined using,
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€1:° (kyy/kp)? @

where k, denotes the propagation constant
in free space.

V. Experimental Results

The tesults of the measurements of the
complex dielectric constant of liquid
sulfuric acid at frequencies between 30.0
and 40.0 GHz are shown in Figures 5 and 6.
Figure 5 shows the real part of the relative

dielectric constant (€l;;) as function of
frequency for 99.08 and 85.0% concentrations
(by weight) of sulfuric acid in addition to

ex’n for water (roon temperature). Figure 6

shows the imaginary part of €,,; (e/l;) as
function of frequency for the same liquids.

Sipilarly, the results of the measurement
of the complex dielectric constant at 90.0-
100.0 GHz are shown in Figures 7 and 8. The
error bars shown in these four figures
represent 210 variation in the calculated
values of €/, and e/{; resulting from
uncertainties in the thiclcnes‘s t of i
225.4 pum. Hence, these error bars do not
include uncertainties due to instrumental
errors which are on the order of 3% of the
Yeported mean values.

In order to apply the measured data in
modeling the emission from the atmosphere of
Venus, a relationship between the complex
Wdielectric constant, physical parameters of
the condensate (size and mass content) and
the expected absorptivity of such a
condensate 1s needed. Regarding the physical
parameters of the condensate, extensive
studies have been performed using data from
several entry probes (Knollenberg and
Hunten, 1980). Droplets sizes of 25 microns
with an approximate mass content of 50 mg/m®
provide a conservative upper limit for the
physical parameters of the cloud condensate.
As a result, the expected absorptivity can
be evaluated using a Rayleigh absorption

model (that is , |(e,)“’x|<1, where
x=2ur(e{.)”’/l and r is the radius of the
droplets, (Ulaby,1981)) where the absorption
coefficient, @, can be expressed as,

2¢6Mel/

- dB/km %
pzt(c,"zw(c,”)')‘ /i)

where p is the density of the liquid and M
is the bulk density of the clouds in the

same units, A is the wavelength in km and

e{ and e{' are, respectively, the real and
imaginary parts of the complex dielectric
constant of the liquid. (Note, for example,
that an attenuation constant or absorption
coefficient or absorptivity of 1 Neper km™?
= 2 optical depths per km (or km™!)= 8.686
dB kn'!, where the first notation is the
natural form used in electrical engineering,
the second is the usual form in physics and
astronomy, and the third is the common

(logarithmic) form. The third form is often
used in order to avoid a possible factor-of-
2 ambiguity in meaning).

The calculated values of the absorption
coefficient of liquid sulfuric acid for 85%
and 99% concentration by weight (in addition
to those for water) are shown in Figures 9
and 10, In these figures, the absorption of
H,S0, and H,0 droplets have been calculated
for the same volume density (M/p ratio is
constant for both liquids). A close
exanination of these results indicate that
the expected absorption for 85% concentrated
sulfuric acid droplets is at least 20%
higher than that expected from water. This
indicates that the absorptivity of sulfuric
acid may have an effect on the variation of
the millimeter-vave emission from Venus.

VI. Discussion

The key result of our work has been the
deternination of the complex dielectric
constant of liquid sulfuric acid at the
concentration expected for the clouds of
Venus. Our results show that the expected
absorption of liquid H,S50, is at least 20%
higher than that of water-condensate. Thus
the absorption from liquid sulfuric acid may
affect the millineter-wave emission of
Venus. In order to determine the effect of
H;S0, droplets on the semission of Venus, our
data has been incorporated into a radiative
transfer model of the atmosphere of Venus.
This model calculates the effects of several
constituents (gaseous SO;, CO; and H;0) on -
the brightness temperature of Venus at
nillimeter wavelengths. Although the
absorptivities of some of the constituents
have not been measured at millimeter
wavelengths, extensive analytical
calculations regarding their absorptivities
have been reported. In addition, the
absorption of gaseous sulfuric acid is not
included in our model since no measured or
calculated data have been reported at these
high frequencies.

Preliminary results from the radiative
transfer model indicate that liquid H,SO,
does indeed affect the brightness
temperature of Venus at 95 GHz. A decrease
of 2 K is indicated for a uniform cloud

.layer in the 48-50 kn altitude range similar

to that described by Knollenberg and Hunten
(1980). This decrease in brightness
temperature is comparable with that )
attributable to gaseous S0, (S0, is assumed
to be uniformly mixed below 48 km altitude
and exponentially decreasing above).
However, this 2 K variation in brightness
temperature is much less than the observed
variation in the millimeter-wave emission of
Venus. Recently, de Pater (1991) reported
observing a variation of 30 K in the
brightness temperature of Venus at 112 GHz.

In order to determine which constituents
are responsible for the reported varifations
in the emission of Venus, a complete
knowledge of the millimeter-wave properties
of all constituents (especially gaseous
H,S0,) is necessary.
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VII. Conclusion

Laboratory measurements of the complex
dielectric constant of liquid sulfuric acid
at 30-40 and 90-100 GHz have been performed
on two different samples of H,;50, with 85%
and 99% concentration by weight. Using the
measured data and the physical parameters of
sulfuric acid condensate in the clouds of
Venus, the absorptivity of H,50, condensate
has been determined.

The calculated absorptivity of liquid
sulfuric acid has been incorporated into a
radiative transfer model of Venus in order
to determine the effects of H,S0, droplets
on the variability in the millimeter-wave
enission from Venus. The results of our
model indicate that the cloud condensate
does have an effect on the emission of
Venus. However, the calculated decrease in
brightness temperature is well below the
cbserved decrease in brightness temperature
(de Pater, 1991). As a result, this observed
variability may not be completely due to
sulfuric acid droplets,

Other constituents such as gaseous H,SO,
may also affect the observed variations in
the brightness temperature. The effect of
this constituent is not fully known since no
measurement of the absorption of gaseous
sulfuric acid have been performed at
nmillimeter-wave frequencies. Hence, one can
only speculate whether this variability can
be completely due to liquid sulfuric acid.

Currently, measurements of the absorption
of gaseous sulfuric acid and SO; at
millimeter-wavelengths are being performed
under Venus-like conditions. The results
from our measurements will be incorporated
in our model in order to determine the
effects of these constituents on the
observed variability in the brightness
temperature of Venus.
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Fig. 1. Sketch of free space measurement
system.

Fig. 2. Sketch of the liquid cell used in
the free space measurement of the
dielectric constant of sulfuric acid.

Fig. 3. Block diagram of the free space
measurement setup, as configured for
measurements of the millimeter-wave complex
dielectric constant of liquid sulfuric acid.

Fig. 4. Detalled sketch of the liquid cell
Tepresenting various media and their
Tespective interfaces.

Fig. 5. The measured real part of the
complex dielectric constant of water and
sulfuric acid for frequencies between 30 and
40 GHz at room temperature. Error bars
indicate 310 variation in the measured
quantities about the mean values,

Fig. 6. The measured imaginary part of the
complex dielectric constant of water and
sulfuric acid for frequencies between 30 and
40 GHz at room temperature. Error bars
indicate 110 variation in the measured
quantities about the mean values.
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Fig. 7. The measured real part of the
complex dielectric constant of water and
sulfuric acid for frequencies between 90 and
100 GHz at room temperature. Error bars
indicate 210 variation in the measured
quantities about the mean values.

Fig. 8. The measured imaginary part of the
complex dielectric constant of water and
sulfuric acid for frequencies between 90 and
100 GHz at yoom temperature. Error bars
dndicate 210 variation in the measured
quantities about the mean values.

Fig. 9. Comparison of attenuation (dB/km)
from an 85% (by weight) sulfuric acid
solution with that from water droplets for a
particular volume fraction (volume of
particles/total volume = 2.82x10°%) for
frequencies between 30 and 40 GHz.

Fig. 10. Comparison of attenuation (dB/km)
from an 858 sulfuric acid solution with that
from water droplets for a particular volume
fraction (volume of particles/total volume =
2.82x107%) for frequencies between 90 and
100 GHz. : . T © o
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